We study the relationship between the strength of fifth forces and the origin of scale breaking in the Standard Model of particle physics. We start with a light scalar field that is conformally coupled to a toy SM matter sector through a Weyl rescaling of the metric. After canonically normalizing the would-be Standard Model fields, the conformally-coupled scalar only interacts directly with the Higgs field through kinetic-mixing and Higgs-portal terms. We find that tree-level fifth forces only emerge if there is mass mixing between the conformally-coupled scalar and the Higgs field, and the strength of the fifth force mediated by the light scalar depends on whether the mass of the Higgs arises from an explicit symmetry-breaking term or a spontaneous mechanism of scale breaking. Solar System tests of gravity and the non-observation of fifth forces therefore have the potential to provide information about the structure of the Higgs sector and the origin of its symmetry breaking (as well as that of chiral symmetry breaking), setting an upper bound on the magnitude of any explicit scale-breaking terms. These results demonstrate the phenomenological importance (both for cosmology and high-energy physics) of considering how scalar-tensor modifications of gravity are embedded within extensions of the Standard Model, in this case, as light Higgs-portal theories.
I. INTRODUCTION
The desire to accommodate both early-and late-time accelerated expansion within minimal extensions of the Standard Model (SM) of particle physics has motivated renewed interest in theories involving non-minimal couplings to the scalar curvature: so-called scalartensor theories. If any of the non-minimally coupled degrees of freedom are light, they are able to mediate long-range forces, and such new physics at low energy scales could be connected to possible solutions of the cosmological constant problem [1] [2] [3] [4] . Many attempts have been made to search for light scalar fields mediating long-range fifth forces [5] , so far without success, and it remains an open question whether such weakly-coupled and light new physics is allowed to exist in our universe. Scalar-tensor theories fall into the broad class of theories known as modified gravity. The recent observation of the gravitational-wave signal from a neutron-star merger by LIGOVirgo and an associated electromagnetic event, in particular by the gamma-ray satellites Fermi and INTEGRAL [6, 7] , showed that gravitational waves travel at the same speed as photons to around 1 part in 10 15 . This led to a number of claims in the literature, and popular press, that modified gravity has been excluded. We would like to stress here that it is only a particular class of solutions, intended to explain the accelerated expansion of the universe without a cosmological constant, within a subset of theories of modified gravity that kinetically mix new degrees of freedom with gravity, that have been excluded [8] [9] [10] [11] [12] [13] [14] .
The conformally-coupled scalar-tensor theories that we study in this work always predict equal speeds of propagation for gravitational and electromagnetic waves, and so are perfectly compatible with the recent LIGO-Virgo observations.
However, in order to be compatible with Solar System tests of gravity, it is widely assumed that one must either fine-tune the couplings to matter or introduce some dynamic mechanism of screening in order to hide the associated scalar fifth forces from these local observations.
The latter provides a serious phenomenological challenge for modified theories of gravity, and it continues to attract significant attention (for a review see, e.g., Ref. [2] ). However, it has also been argued that fifth-force constraints can be evaded entirely if the SM extension and its coupling(s) to gravity are scale (or globally Weyl) invariant [15, 16] , since the conformal transformation to the Einstein frame yields at most derivative couplings of the additional scalar degree(s) of freedom to SM fields. A particular example of such a theory is the Higgs-dilaton model studied in Refs. [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] . In order to prevent the breaking of scale invariance by loop corrections [31] , which would otherwise result in the re-emergence of fifth forces, infrared divergences must be regulated by introducing a mass scale that depends entirely on the dynamical fields [19, [32] [33] [34] [35] . In this way, one can maintain Weyl symmetry at the loop level, albeit with the loss of renormalizability. Alternatively, one can exploit dimensional transmutation [31] and the associated loop-level breaking of scale symmetry to construct renormalizable theories of gravity [36] [37] [38] [39] [40] , to stabilize the Planck mass in scalartensor theories in the presence of sources of explicit scale breaking [41] or to introduce radiatively-generated screening mechanisms [42] .
In this work, we will demonstrate how the strength of fifth forces depends on the amount of explicit scale breaking present in the SM. The Higgs mass has been precisely measured at the LHC to be 125.09 ± 0.24 GeV [43] , but determining whether this mass arises from an explicit mass scale or from another symmetry-breaking mechanism is beyond the reach of current collider experiments. In this work, we consider both possibilities, including the case where the observed Higgs mass arises from a combination of explicit and spontaneouslygenerated scales, and we show how this affects the strength of the fifth force mediated by any light conformally-coupled scalars in the theory.
This provides a new explanation for the non-observation of fifth forces mediated by the light scalars that are so common in theories of new physics: the suppression of explicit scalebreaking terms in the SM. In non-minimally-coupled scalar-tensor theories, the interaction between the new scalar degree of freedom χ and the Higgs boson of the SM results in a natural way in a Higgs-portal model [44, 45] . This opens up two avenues to tension such models with experimental data. On the one hand, it presents a novel opportunity to study
Higgs physics with experiments more commonly considered tests of gravity. On the other hand, precision measurements of the Higgs boson's properties, e.g., its branching ratio into invisible final states [46, 47] or its total width [48, 49] can be used to set indirect limits on the interactions with χ [50, 51] . As a consequence, Higgs phenomenology is directly impacted by any screening mechanism of χ [52] and vice versa. For example, the radiative screening mechanism described in Ref. [42] can be viewed as a light Higgs-portal to a hidden Coleman-Weinberg sector (see, e.g., Refs. [31, 51, [53] [54] [55] [56] ).
The remainder of this article is organized as follows. In Section II, we consider the BransDicke theory [57] and two prototypical models of screened fifth forces: the chameleon [58] [59] [60] and symmetron [61, 62] models, and illustrate how the coupling of the light scalar degree of freedom to fermions arises through mass mixing in the case of an explicit Higgs mass term. The contributions of the resulting fifth forces to the Yukawa potential are calculated in Section III. In Section IV, we consider the case in which the electroweak scale is generated through a combination of explicit and spontaneous scale breaking and derive an illustrative upper bound on the magnitude of the explicit scale for this toy model from the non-observation of fifth forces. In Section V, we consider the third case in which all dimensionful scales are generated spontaneously -the so-called Higgs-dilaton model -and illustrate explicitly that fifth forces are absent, repeating the analysis in both the Jordan and Einstein frames. Our concluding remarks are presented in Section VI.
II. CONFORMALLY-COUPLED SCALARS
When writing down conformally-coupled scalar-tensor theories, we have to make a choice of frame. This choice of frame does not affect physical observables; it just changes whether the scalar field appears coupled explicitly to the scalar curvature -the Jordan frameor whether gravity is described by the standard Einstein Hilbert term and the scalar field defines a rescaled metric on which matter particles move -the Einstein frame. In the following sections, the Einstein frame will prove to be the most convenient for our calculations.
However, when discussing the Higgs-dilaton model in Section V, we will show explicitly how the same results can be obtained in both frames.
The actions of conformally-coupled scalar-tensor theories can be written in the Einstein frame in the following generic form
where we use a tilde to indicate the Einstein-frame metricg µν . The SM degrees of freedom {ψ} move on geodesics determined by the Jordan-frame metric g µν = A 2 (χ)g µν . Note that we have set to zero any bare Higgs-portal couplings between the conformally-coupled scalar χ and the SM Higgs field. Throughout this article, we work with the "mostly plus" signature convention (−, +, +, +).
We now sketch the standard calculation to demonstrate the presence of fifth forces in this theory. In the case that A 2 (χ) can be expanded as A 2 (χ) = 1 + χ n nM n + . . . , we have
where we are imagining that n = 2 or n = 1, depending on whether the coupling function
is the energy-momentum tensor of the matter fields, we find that
Modeling the SM degrees of freedom by a pressureless perfect fluid, we would conclude that the SM degrees of freedom are coupled universally to the scalar χ, experiencing a fifth force
However, this is not the full story.
To study the situation more closely, we consider a toy model for the SM, written in terms of the Jordan-frame metric g µν as
where In terms of the Einstein-frame metricg µν , the action is
After redefining the Higgs and fermion fields according to their scaling dimensions as
our toy SM Lagrangian becomes
where/ ∂ ≡ẽ
By inspection of Eq. (9), we see that the conformally-coupled scalar χ does not couple directly to the fermions, and it couples to the Higgs field only derivatively and through 
The Brans-Dicke theory [57] and chameleon model [58] [59] [60] fall into the former case and the symmetron model [61, 62] (for earlier variants, see Refs. [63] [64] [65] [66] [67] ) into the latter.
The coupling function can be written in the general form
where a, b and c are dimensionless constants. We also include a bare potential for the χ field
where µ χ is a mass term, d = ±1, so that we can choose whether or not this mass term is tachyonic, and κ is another dimensionless constant. The non-gravitational part of the Einstein-frame Lagrangian can then be writteñ
The parameter ǫ, introduced in the previous section, has now been set to unity. Defining
we havẽ
The resulting Einstein-frame theory is nothing other than a Higgs-portal theory. In this sense, there can be little distinction between modifications of general relativity involving conformally-coupled scalars and scalar extensions of the Standard Model. For brevity, we will hereafter suppress the terms involving the fermion fields when appropriate to do so.
The Lagrangian in Eq. (14) is that of an effective field theory with a cut-off scale given by M. Having kept terms up to second order in {φ, χ}/M, assuming that all other mass scales are much smaller than M, we have been left with a combination of dimension-four, -five and -six operators. Throughout this article, we consider only those operators needed to capture the dimension-four operators generated by the Weyl transformation in the lowenergy, symmetry-broken theory. In other words, we consider low-energy theories whose bare dimension-four operators are fixed by requiring that they originate from the Weyl transformation of a particular conformally-coupled theory. Of course, we should, in reality, treat the full effective field theory up to a given dimensionality of operators, allowing then for all dimension-four operators in the infrared that are consistent with the underlying symmetries. However, for our purposes, it is sufficient to work with a fixed choice of bare couplings (at a fixed scale). Indeed, this fixed scale is that at which we can talk of an Einstein frame, wherein all fields are minimally coupled to gravity. Following the renormalizationgroup evolution to any other scale, the non-minimal couplings will be regenerated, as occurs for the SM Higgs (see, e.g., Ref. [68] ). When convenient to do so, we also neglect corrections to the self-interactions of the conformally-coupled scalar χ, amounting to a redefinition of the bare couplings. Given these approximations, we note that all derived equalities in the remainder of this article are correct only to second order in {µ, v φ , v χ }/M.
A. Brans-Dicke (Chameleon) theory
We first consider the simplest and most well-studied scalar-tensor theory. This is the Brans-Dicke theory [57] , whose Jordan-frame action is
Note that X has mass dimension 2 and, for aesthetic reasons, we have used a non-standard normalization for the Brans-Dicke scalar X. Transforming to the Einstein frame, the action
where χ is the canonically-normalized field (to leading order inφ 2 /M 2 Pl ):
It follows that
where
Thus, this Brans-Dicke theory is equivalent to taking a = 1, b = 2, c = 2 in Eq. (10) and setting the bare χ potential to zero, i.e. taking d = 0 and κ = 0 in Eq. (11). From Eq. (14),
we then havẽ
Note that, in Eq. (21), we have neglected the cubic and quartic self-interactionsL ⊃
, generated by the Jordan-frame cosmological constant. If we were to account for these terms, we would, in fact, arrive at a variant of the quartic chameleon model [69] , and we will refer to the present model as such in what follows. As a result, we should conclude that scalar-tensor theories are subject to screening mechanisms, which depend on the specific form of the self-interactions, unless we fine-tune bare couplings. The details of any screening are not the focus of this work, and we leave the study of viable screened Higgs-portal models for future work [52] .
The global minima of the potential lie at
In the symmetry-broken phase, we shiftφ → v φ +φ. The Lagrangian can then be written
where the ellipsis also includes the self-interactions of theχ field. In terms of the Higgschameleon interactions, we have been left with a kinetic braiding term (line one), a mass mixing (line two) and Higgs-portal terms (line four). The squared mass matrix has the form
with eigenvalues
consisting of a massive mode h (the Higgs 1 ) and a massless mode ζ (the chameleon), both of which will couple to fermions sinceφ
The light mode therefore couples to the fermion mass term as
where m = yv φ , which is precisely the standard chameleon coupling to the trace of the on-shell energy-momentum tensor of a fermion with Dirac mass m. Notice that it is not the original non-minimally coupled field that couples to the fermion energy-momentum tensor, but rather the light mode ζ =χ + (v φ /M)φ.
B. Symmetron
Going one step beyond the minimal scalar-tensor theory discussed in the preceding subsection, we turn our attention to the symmetron model, wherein the conformally-coupled scalar also has a spontaneous symmetry-breaking potential. The symmetron model corresponds to choosing a = 1, b = 0, c = 1 and d = −1 in Eqs. (10), (11) and (14), giving the Einstein-frame Lagrangiañ
In this case, we have neglected corrections to the quartic self-interaction of order µ 4 /M 4 , which are again generated by the Jordan-frame cosmological constant.
We find that the global minima of the potential lie at
(The prime on the second ± indicates that the sign of v χ is independent to that of v φ , i.e. there are four degenerate minima.) with
In the symmetry-broken phase, we shiftφ → v φ +φ and χ → v χ +χ. The Lagrangian can then be writtenL
As for the chameleon case, the Higgs-symmetron interactions comprise a kinetic braiding term (line one), a mass mixing (line two) and Higgs-portal terms (line four). The squared mass matrix has the form
again consisting of a massive mode h (the Higgs) and a light mode ζ (the symmetron), with
where m = yv φ , which is again the standard symmetron coupling to the trace of the on-shell energy-momentum tensor of a fermion with Dirac mass m.
III. FIFTH FORCES
In this section, we compute the leading, tree-level contributions to the fifth force between leptons that arise through the interactions of the Higgs field and the conformally-coupled scalar. A convenient way to determine the resulting Yukawa potential is to consider the non-relativistic limit of the Higgs-mediated Møller scattering (e − e − → e − e − ). We need only consider the t-channel exchange and assume the scattering electrons to be distinguishable.
A. Higgs portal
The Higgs portal terms have the generic form
Since the Yukawa coupling of the Higgs field to the fermions is linear in the Higgs field, these couplings lead only to loop corrections to the scattering of the fermions.
B. Mass mixing
The mass mixing is generically of the form
The matrix element of interest is
where t = − (p 1
In the non-relativistic approximation, we take t = − Q 2 , and the Yukawa potential has the form
where we have expanded the coefficients of each contribution to the potential to leading order in α 2 M . The fifth force due to the light mode ζ is now present. Whilst this would appear to be suppressed by four powers of the mass m φ ∼ √ 2µ, this is in fact not the case,
For the chameleon and symmetron cases, we therefore find
recovering the fifth force consistent with Eqs. (28) and (36).
C. Braiding
The kinetic braiding terms have the generic form
2 Recall that p At leading order, the matrix element of interest is
We see immediately that the factors of t in the numerator, which arise from the derivative coupling, would cancel any massless pole from the conformally-coupled scalar, cf. the Higgsdilaton case in Section V. Again using the fact thatū(p, s)u(q, s ′ ) = 2m e δ ss ′ , we find
In the non-relativistic approximation, the contribution to the Yukawa potential is given by
where we have this time expanded the coefficients of each contribution to the potential to leading order in α 2 B . For the chameleon and symmetron cases, we therefore find
We see that there is an additional suppression of the fifth force relative to the contribution from the mass mixing in Eq. (42) by a factor of m 4 χ /m 4 φ . Note that, were we to resum the mass mixing here also, the masses m φ and m χ would be replaced by the mass eigenvalues m h and m ζ , respectively.
IV. EXPLICIT SCALE BREAKING
We now consider the case where only part of the Higgs mass arises from an explicit scalebreaking term. In so doing, we will see that constraints on fifth forces can be interpreted as an upper bound on any explicit scale breaking present in the (Higgs sector of the) SM.
To this end, we introduce a third scalar θ, whose role is only to generate the mass of the Higgs through spontaneous symmetry breaking. This should be considered as a toy model to illustrate the effects of explicit and spontaneously-generated scales in the Higgs sector.
3
The new scalar θ and the Higgs mix at the level of the potential in the following way
In the limit µ 2 → 0, this potential becomes scale invariant and the Higgs field φ acquires a mass along the trajectory in field space for which θ also picks up a non-zero vev. This case, which yields the so-called Higgs-Dilaton theory, will be studied in detail in the next section. The scale µ is an explicit scale, which also gives a mass to the Higgs. The (toy) SM of the preceding sections is then recovered by taking the constant β → 0. Notice that we have chosen the scale-breaking term such that the potential still vanishes at the background level.
In the Einstein frame [cf. Eqs. (8) and (13)], the potential becomes
A. Chameleon
For the chameleon (a = 1, b = 2, c = 2, d = 0), we havẽ
where we have again omittedχ self-interactions. The symmetry-breaking minima lie at
In the symmetry-broken phase, shiftingφ → v φ +φ and χ → v χ +χ, the mass mixing term remains of the formL
and the contribution of the chameleon to the Yukawa potential is therefore
as before, but with
The coupling scales like
In the limit β → 0, we recover the fifth force reported earlier in Eq. (42). However, in the limit µ 2 → 0 (m 2 φ → β θ 2 /3), i.e. when there are no explicit scales in the Higgs potential and the scale-symmetry itself is spontaneously broken, the fifth force vanishes.
B. Symmetron
For the symmetron (a = 1, b = 0, c = 1, d = −1), the potential becomes
The symmetry-breaking minima lie at
Shiftingφ → v φ +φ and χ → v χ +χ in the symmetry-broken phase, the mass mixing term again remains of the formL
and, in this case, the coupling scales like
As in the preceding subsection, the fifth force vanishes in the limit µ 2 → 0 (m 2 φ → β θ 2 /3).
C. Observational Bounds
The discussions above show that if there is an explicit scale-breaking term in the Higgs potential then light conformally-coupled scalars will mediate a long-range fifth force. Such fifth forces are well constrained experimentally and, for fifth forces mediated by massless fields, 4 the best constraints come from Solar System measurements [70, 71] . Within the Solar System, deviations from General Relativity can be expressed in the model independent Parameterised Post Newtonian (PPN) framework. A full description of this framework, and the current constraints on the parameters, can be found in Ref. [70] . Of interest to us is the γ parameter, which determines how much spatial curvature is produced by a unit rest mass. The presence of a fifth force, mediated by a massless field, will appear to observers of a test particle as an extra component of the spatial curvature. For a fifth force of the form in Eq. (41), taking the Brans-Dicke/chameleon case as an example, we find
where the effective Brans-Dicke parameter ω eff is defined by
and
We note that the factor of 4 in Eq. (60) 
which can relax the constraint on ω ≪ ω eff . For M ∼ M Pl , we therefore find that an explicit scale can be responsible for 3 % of the total mass. Extrapolating this to the SM with a modified Higgs sector, i.e. taking m h = 125 GeV, we would require µ 4 GeV. These bounds assume that any screening mechanisms are inactive within the Solar System. Whilst the details will be more involved, modifications to the origin of the symmetry breaking along the lines described above would still yield a suppression of the fifth force over that arising from the screening.
Of course, the majority of the baryonic mass density in the universe is due to chiral symmetry breaking, and the above arguments hold only for the SM leptons. The import, however, is analogous: the strength of the fifth force between baryonic matter depends upon whether chiral symmetry breaking is triggered by an explicit scale, i.e. through dimensional transmutation with a hard regulator scale, or arises through the spontaneous breaking of scale symmetry. This need not yield equal-strength effective couplings to leptons and hadrons, amounting to an effective violation of the weak equivalence principle. We leave dedicated studies of this for future work.
V. HIGGS-DILATON
Finally, we turn to the case when there are no explicit scale-breaking terms. We focus, in particular, on the Higgs-dilaton theory, which has been studied extensively in the literature [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] . Our intention is to elucidate the connections between the results we have presented in the previous sections and this existing model. In doing so, we take the opportunity to show explicitly, both in the Jordan and Einstein frames, how the Weyl invariance of both the Higgs and additional scalar sectors ensures that fifth forces are absent.
The Higgs-dilaton model extends the SM with a singlet scalar field, as we have done in the preceding sections, but it includes non-minimal couplings of both the singlet scalar and the Higgs field to gravity. The specific way in which this is done, as well as the specific choice of symmety-breaking potential, mean that the Higgs-dilaton model is a realization of a no-scale scenario, wherein the scalar, and an associated spontaneous breaking of scale symmetry, are responsible for generating all other scales. The interactions between the singlet scalar and
Higgs field induce electroweak symmetry breaking, explaining the masses of the electroweak gauge bosons via the standard Higgs mechanism, the Yukawa interactions of the Higgs field give rise to the fermion masses, and the non-minimal gravitational couplings of the scalar fields generate the Planck scale. Moreover, by supplementing the SM with right-handed singlet neutrinos, Majorana mass terms can be generated by the singlet scalar directly. An example of such a scenario is the embedding of the Higgs-dilaton model in the νMSM [73, 74] , which has the Lagrangian
where L SM,V(φ) → 0 is the SM Lagrangian less the SM Higgs potential V (φ), L G is the Lagrangian of the gravity sector
and the scalar-field potential is
Here,φ = iσ In order to avoid the technical complications that arise from the gauge and flavour structure of the νMSM, we will study a simplified model that comprises the (real) Abelian Higgs mechanism. Our toy model has the action
where the non-minimal coupling function is
and the scalar sector has Lagrangian
with potential
As proxies for the SM fermions and the right-handed neutrinos, we take two fermion fields ψ and N, whose (Dirac) masses are obtained through Yukawa couplings to the would-be
Higgs field φ and the would-be singlet scalar χ, respectively:
We have set all of the Yukawa couplings to unity for convenience, and the termNφN, which is permitted for this toy model, has been precluded, so as to emulate the interactions of the νMSM. For arbitrary ξ φ,χ , we will see that, whilst the fermion sector is locally Weyl invariant, the Higgs and singlet scalar kinetic terms are only scale, viz. globally Weyl invariant.
The first step in determining the presence, or absence, of a fifth force in this theory is to determine whether the scalar fields have non-trivial field profiles sourced by finite configurations of the fermion fields. We find that the Klein-Gordon and Dirac equations take the forms
and the Einstein equations can be written as
where G µν = R µν − g µν R/2 and
is the energy-momentum tensor of the matter fields. Notice that we have symmetrized the Lorentz indices of the kinetic term, i.e.
is the spin connection and
In four dimensions, the trace of the energy momentum tensor is given by
which reduces to
on-shell.
Taking the trace of the Einstein equations and evaluating on-shell, we arrive at
where we have defined
From Eq. (77), we immediately see two things: firstly, there exists a massless mode in this
which we will call the dilaton; secondly, this massless mode is not sourced by any of the fermion fields. As the dilaton cannot be sourced by matter density, it does not yield potentially dangerous fifth forces. The scale M introduced here plays the same role as the cut-off scale in the preceding sections.
In fact, Eq. (77) is nothing other than the conservation law for the dilatation current.
Notice that the left-hand side vanishes identically in the conformal limit ξ φ,χ → − 1/6. The dilaton is the Goldstone boson of the spontaneously broken scale symmetry. Making the Weyl rescaling of the metricǧ
the equation of motion for the dilaton can be written in the simple form
A. Linear order: Jordan frame
In order to illustrate the previous point explicitly, and to see how the mixing with the dilaton affects the Higgs field, we consider the theory at linear order in perturbations. Specifically, we expand the system in Eqs. (72) and (77) The linear perturbations φ 1 and χ 1 are sourced by spherically symmetric fermion condensates of uniform density, which we define below in Eq. (89). Working on a background
Minkowski spacetime, the fermion condensates source a scalar curvature R 1 , and we have
Here, we have made use of the fact that the background scalar curvature is zero, and the metric perturbations are sourced at linear order by the gradient energies of φ 1 and χ 1 and the fermion mass terms:
Notice that no metric perturbations are sourced by the gradients of the scalar fields in the limit g φ /g χ = 1.
Substituting for R 1 in Eqs. (82a) and (82b), we can now write the scalar equations of motion in the form
We see immediately that the massless mode (the dilaton):
is not sourced by either of the fermion fields. Remarkably, we also see that, if ξ φ = 0, χ 1 does not actually couple toN N, i.e. the gravitational backreaction exactly cancels the Yukawa couplingNχN. Conversely, if ξ χ = 0, φ 1 does not couple toψψ. Notice that nonminimal couplings can modify the Yukawa couplings (see also Ref. [75] ), and it is therefore not correct to ignore the non-minimal coupling to the scalar curvature in vacuum, where one might naively assume it is irrelevant, since R = 0 at the background level.
The fermion densities can be introduced by writing
where m ψ = v φ and m N = v χ are the fermion masses. The massive mode (the Higgs boson)
then satisfies the equation of motion
Notice that h 1 couples toNN with opposite sign toψψ. Taking R ψ = R N ≡ R and assuming m h R ≪ 1, the solution for the profile of the Higgs field is
Notice again that for particular choices of ξ φ = 0 or ξ χ = 0, we can turn off the coupling to N or ψ, respectively.
B. Einstein frame
We now wish to demonstrate the frame independence of our calculations explicitly. We do this for the Higgs-dilaton model by explicitly transforming to the Einstein frame. Moving to the Einstein frame also helps us isolate the dilaton field of the Higgs-dilaton model at the level of the action. We do this through two consecutive Weyl rescalings. This could be combined into one transformation, but we find the two-step procedure both simpler and more illustrative. Following Ref. [15] , we first scale out the dilaton by making the field
such that
We now rescale the metric, definingǧ
The Ricci scalars of the two metrics are related by
and the action in Eq. (67) becomes
where we have also rescaled the fermion fieldš
At this point it appears that we have three scalar fields σ,φ andχ. We must remember, however, that there is a constraint equation [see Eq. (105) below], which renders one of these scalars non-dynamical.
We now perform a second Weyl rescaling, defining
As in Eq. (97), the Ricci scalars are related by
and the action in Eq. (98) can be written as
where we have performed a final rescaling of the fermion fields, defining
After some algebra, the scalar and gravitational parts of the action in Eq. (102) can be rewritten in the form
Choosing the constraint -which is really just a choice of normalization for the massive degree of freedom -to be
the scalar and gravitational parts of the action become
Note that this choice of constraint is consistent with the definition of the dilaton in Eq. (79).
Varying with respect to σ, we obtain the equation of motion
cf. Refs. [16] and [15] . At the background level, we can take σ = 0, such that F (φ,χ) =
Pl , and it is clear that Eq. (107) is consistent with the earlier results at linear order, and also the result, originally found in the Jordan frame, that the dilaton field is with potential
whereλ
By expanding this action around the vacuum expectation values in the broken phase, we can determine the nature of the mixing between the Higgs and the dilaton at leading order.
We write the Higgs field asφ =ṽ φ +h. Realizing that
we find that, at quadratic order in the fluctuations, the scalar part of the action becomes
where m 
Not only is this term Planck-suppressed, but it only contributes at most a loop-level correction to the Higgs propagator. Namely, this is a self-energy correction of the form
which is, in fact, zero in dimensional regularization.
C. Linear order: Einstein frame
For completeness, we will show that the linear-order results for the Higgs-dilaton model derived in the Jordan frame in Sec. V A can be reproduced in the Einstein frame. In order to make this explicit, we return to working with the original φ and χ fields but now map directly to the Jordan frame via a single Weyl rescaling of the metric
where F (φ, χ) is defined in Eq. (68) . Following the same procedure as outlined above, we find that the Einstein-frame action takes the form 
the matter Lagrangian can be written as
Notice that, since both U(φ, χ) and its first derivatives vanish when evaluated at φ = v φ and χ = v χ , the second variation of the potential yields the same mass terms as in the Jordan frame at linear order. Moreover, since ψψ = ψ ψ and NÑ = N N , the source terms are also the same. By adding to and subtracting from Eq. (122a) v χ /v φ times Eq. (122b),
we can quickly confirm that we recover precisely the results obtained in the Jordan frame [see Eq. (91)].
VI. CONCLUSIONS
We have illustrated how the presence of explicit scale-breaking terms in the SM impacts upon scalar fifth forces in scalar-tensor modifications of gravity involving non-minimallycoupled fields. In so doing, we have shown that these theories must be understood as light Higgs-portal theories and that their fifth-force phenomenology depends strongly on the structure of the SM. As a result, we have argued that the non-observation of fifth forces can be interpreted as a constraint on the structure of the SM Higgs sector and the origin of its symmetry breaking -and by analogy that of chiral symmetry breaking -providing an upper bound on any explicit scale-breaking mass term. In other words, if one assumes that light, non-minimally-coupled scalar fields exist in Nature, Solar System tests of gravity can, quite remarkably, tell us about the structure of the SM and the origin of its symmetry breakings. The import of this final observation is that our understanding of fifth forces rests on our knowledge of how scales (namely the electroweak scale and Λ QCD ) emerge in the SM, and, specifically, whether these scales arise as a result of classical, spontaneous scalesymmetry breaking trajectories, through dimensional transmutation or due to the presence of explicit scale-breaking terms. Furthermore, we must understand the role played by radiative corrections, which will, in general, break classical scale invariance without an additional prescription that regularizes infrared-divergent loop corrections in a Weyl-invariant manner. 
